


FIRS" ANNUAL RSPORT 
Covering PoriC?- to January 15, 1953 

Subject: Fine Powder Permanent Magnets 

Contract No. Nonr 610(01) 
N. R. No. 315-802 
Placed by: Physics Branch 

Office of NavFl Research 
W'-shington, D. 0. 

Tho objective of this project is to conduct research 

towards the development of satisfactory permanent magnet 

materials without the use of critical alloying elements 

through fine powder techniques. 

Principal Investigator: 

N. I. Ananthanarayenan 

Submitted: 

George P. Conerd il 
Assistant Director 

Approved: 

jose-ph y/lfcaai ^»' 
'"Project Director 



TABLE OF CONTENTS 

List cf Tables    iii 

List of Figures   iv-vi 

Abstract  vii 

Introduction  1 
Purpose and Scope  1 
1 or sonnoi. ......•...«.*.*... «•.••* «««>«*>>•.« x 

I - General Statement of Aims  2 

II - Equipment end Techniques...........  3-10 

A - Properation of Ultra-Fine Ferromagnetic 
Powders  3-6 

Introduction  3 
Lot I  3-4 
Lot II  4 
Lot II-Ground  4 
Lot II-BBll-lTiilod.  4 
Lots A, B and C .  4.-5 
Reduction of Powders  5-6 

3 - Particle Size Studios....  6-9 

C - Magnetic Testing of Powders (and 
Conpoc ts)  9 

D - Pressing end Sintering of Powders....... 9-10 

3 - Analysis of Compacts  10 

1  - Density Measurements..,  10 

III - Experimental Results Obtained to Dato...... 11-26 

A - Powders Produced by Reduction of Rouge.. 11-18 
Size and Shape of Powder Particles,,, 11-12 

Electron Microscopy.....  11-12 
X-rey Diffraction and N2 
Adsorption  12 

Magnetic Properties of "Loose" 
Powders and of Powder Compacts  13-17 

Loose Powders  13-15 
Powdor Compacts  15-17 

Studies on Sintering  17-18 



ii 

7T 

B - Powders Produced by P.eduction of 
Formates   18-23 

Magnetic Properties cf Formate- 
Reduced Iron Powders and Powdor 
Compacts  18-23 

Loose Powder3 and Powdor Compacts 
from Lot I and Lot II  18-20 
Comparison Between Lot II, Lot II- 
Ground  and Lot II-3ell-i:illed      20-21 
Effoot of Small Additions of 
Magnesium Formate •  21-23 

C - Summary of Results on Roducod Formate 
end Oxide Powdors   2^-26 

Tables   27-30 

Figures   31-45 

Rof eroncos ,   46 

U. 



iii 

LIST OF TABL-3 

Teblc  I - Metallic Iron Content of powdors Reduced 
from Rour.o for Various Tinea et Tempera- 
tures Yielding Largo Coercive Force 
Valuos  * on 

-1 

Teblo II - Magnetic Properties of Sintered Iron 
Compacts - Compacts Pressed et 40 t.s.i. 
from Powdors Roducod from Rouge at 
700°F for 200 Minutes end Sintorod 2 
Hours i n Hydrogen   28 

Teblo III - Magnetic Properties end Donsity of 
Sintered Iron Compacts - Compacts 
Pressed at 40 t.s.i. from Powder3 
Roducod from Rougo et 700°F for 
200 Minutes end Sinterod 4 Hours in 
Hydrogen  29 

Teblo IV - Megnutic Properties, Density, Motellic 
Iron Content end Totel Iron Ccntont of 
Sinterod Iron Compacts - Conpects 
Pressed et 40 t.s.i. from Powdors 
Roducod from Rouge at 700°F for 200 
Minutes and Sintorod 16 Hours in 
Hydrogen  30 



iv 

LIST OF FIGURES 

Figure 

Figure 

1 - 

2 - 

Apparatus Used for the Reduction of 
Powders and for the Sintering of 
Powder Compacts  31 

Electron Micrograph of Rouge Reduced 
Iron Powder (Reduction TTemp. 900°F; 
Reduction Time 200 Minutes). Arrows 
Show Formation of Rings of Magnetic 
Closure  

Figure  3 - Electron Micrograph of Rouge Reduced 
Iron Powder (Reduction Temp. 750°F; 
Reduction Tine 100 Minutes) Showing 
Dispersion of Particles Obtainable 
by Proper Use of a Magnetic Field..., 

32 

32 

Figure  4 - Electron Micrograph of Rouge Reduced 
Iron Powder (Reduction T^mp. 750°F; 
Reduction Time 100 Minutas) Showing 
Alignment of Particles in e Magnetic 
Field  

Figure  5 - M^en Crystallite or Particle Size of 
Powders Reduced from Forric Oxide 
(Rouge), by X-rey Diffraction and N2 
Adsorption Methods  

Figure  6 - Pore Volume per gm. of Powders Reduced 
from Forric Oxide (Rouge), by Nitrogen 
Desorption *  

Figure  7 - Variation of Coercive Force with 
Tomporaturo of Reduction of Iron Pow- 
ders Prepared from Rouge for Various 
Reduction Times  

32 

33 

33 

34 

Figure  8 - Variation of Coeroivo Force with Com- 
pacting Pressure of Compacts of Iron 
Powders Prepared from Farric Oxide 
(Rouge Roducod at Temperatures and 
for Times Indicated).... , 35 

Figuro  9 - Influonco of Compacting Pressure on the 
Intrinsic Induction at H = 4000 Oorsteds 
(Bs) and Remanenco (Br) of Compacts 
Prepared from Iron Powders Reduced from 
Ferric Oxide (Rouge Reduced at Tempera- 
tures and for Times Indicated).........  36 

Figure 10 - Influonco of Compacting Prossuro on the 
Donsity of Compacts from Iron Powders 



Roducod from Forric Oxide (Rouge) 
Reduced et Temperatures and Tinea 
lad ice tod)  37 

Figure 11 - l-d/d0 Versus Compacting Pressure for 
Compacts from Iron Powders Roducod 
from Forric Oxide (Rouge Reduced at 
Temneraturos and for Timo3 Indicated).. 37 

Figure 12 - Coercive Force Versus l-d/d0 for Com- 
pacts of Iron Powdors Roducod from 
Ferric Oxido (Rouge Roducod at Tem- 
peratures and for Times Indicated)... 38 

Figure 13 - Influence of Sintering Temperature 
and Sintoring Time on the Magnetic 
Properties of Compacts Pressed at 
40 t.s.i. from Iron Powders Reduced 
from Ferric Oxide (Roup.e Reduced at 
700°F for 200 Minutes)  39 

Figure 14 - Coercive Forco Versus Reduction 
Temperature for Iron Powders Pro- 
pnred from Lot I and Lot II Forrous 
Formates for Reduction Times Indi- 
cated.  40 

Figure 15s - Coercive Force of Iron Powder Com- 
pacts Pressed at 60 t.s.i., from 
Powders Reduced from Ferrous For- 
mates (Lots I and II) at Various 
Temperatures for 60 Minutes , 41 

Figure 15b Intrinsic Induction at H = 4000 (B3) 
end Remanence (Dp) of Iron Powder 
Compacts Pressed at 60 t.s.i., from 
Powders Reduced from Forrous Formates 
(Lots I and II) at Various Tempera- 
tures for 60 Minutes * , 41 

Figure 16 - Coercive Forco Versus Temperature 
of Reduction of Iron Powders Obtained 
from Lot II Ferrous FormatC3 of 
Various Sizes (Reduction Timo - 60 
Minutes)  42 

Figuro 17a - Coorcive Forco of Iron Powdor Com- 
pacts Pressod at 60 t.s.i,, from 
Powders Roducod at Different Tempera- 
tures for 60 Minutes, from Lot II 
Ferrous Formates of Various Sizes.... 43 



vi 

Figuro 17b - Intrinsic Induction at H • 4000 
(Bs) and "Romanonce (Br) of Iron 
Powder Compacts Pressed at 60 t.s.i., 
from Powdors R0ducod from Lot II 
Ferrous Formates of Various Sizes at 
Temperatures and for Times Indicated... 43 

Figure 18 - Influence of Magnesium Contont on 
the Goorcivo Force of Iron Powdors 
Obtained by Reduction of Mixtures of 
Fjrrous and Megnesium Formates at 
Various Temperatures for 60 Minutes.._.. 44 

Figuro 19a - Influence of Magnesium Content on 
the Coercive Force of Iron Powder 
Compacts Pressed at 60 t.s.i., from 
Powders Reduced from the Fomatos 
at Various Temperetares for 60 Min- 
utes.  45 

Figuro 19b - Influence of Magnesium Contont on the 
Intrinsic Induction at H= 4000 (Bs) 
and Rcmenonce (By) of Iron Powder 
Compacts Pressed Pt 60 t.s.i., from 
Powders Reduced from the Formates 
at Vpripus Temperatures for 60 
Minutes..  45 



T 
I 
/ 

vii 

ABSTRACT 

This report describes the techniques end initiel 

results of investigations on fine particle permanent 

magnet materials. 

The grenter port of the investigations reported 

herein were on iron powders produced by thermal reduc- 

tion of commercial rouge. For these powders, studies 

were made to determine the influence of variations in 

the conditions of reduction for loose powders and of 

variations in the pressing and sintering conditions for 

compacted powders. The data reported include metallic 

iron content, density, and megnetic properties, as re- 

lated to the conditions of preparation. 

Preliminary investigation:; ere riso reported on 

powders produced from ferrous formates pnd from mixed 

formates, including investigations on the characteristics 

of powders reduced from formetcs produce in various 

shapes e.T? sizes.  In general, the formate powders appear 

to be more easily reduced and to yield better magnetic 
i 

properties  than the  oxide powders. 

The best properties obtained  to  dete have been by 

reduction of  a ferrous formate powder containing 0.066$ 

magnesium which yields  a B x'UmBx of approximately 0.7 x 

10°.     Indications  are  that by careful  variations of  the 

! production techniques,   this value mey be appreciably 

improved. 
i 
• 

r. u 
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INTRODUCTION 

Purpose end Scope t 

The objective of this project is to study the produc- 

tion end properties of fine perticlo permanent megnet 

materials. 

Thi3 report covors in addition to the results of the 

pest year's work, which it must be emphasized should be 

considered in the neturo of e progross roport rather then 

a terminal roport, methods pnd techniques the development 

of which has extended for ovor two yeers. Much of this 

work wes undertaken, or et loest initiated prior to the 

grenting of the contrect, but it is deomod necessary end 

appropriate to roport on it here in order thet the toch- 

niques used in the work be fully known. 

In view of the extondod coverpge of the report, it is 

dividod into three soctions: 

I - Gonerel Stetonent of Aims 

II - Equipment end Tachniquos 

III - Experimental Results to Dete 

Personnel: 1 

Tho porsonnol of the project have included, in addition 

to the principal invostigetor, Mr. /.nanthenareyenen, Dr. 

J. F. Libsch, (Projoct Director); Dr. ... C. Zottlomoyer 

(Advisor on chomical mattors) ; Dr. G. P. Conerd II 

(. ssistant Director of Megnctics Projocts); Mr. A. V. 

Frpioli (Investlgetorj; end Mr. Edward Stewart (Investigator). 
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The first concern of this project has boon with studios 

of tho various moans of producing fino ferromagnetic pow- 

ders end the effect of variations in the production pro- 

cesses on tho magnetic properties of these powders in both 

the loose end the compacted form. 

Among tho vnrieblos to bo controlled in connection 

with the particle production are size, shape, orientetion, 

composition and surface condition of the powder. Tho first 

four factors aro of importance for both loose and compac- 

ted powders, while the fifth variable might prove of pri- 

mery importance in its influence on tho properties of tho 

compacted powders. 

In addition to the vpriebles within the powder produc- 

tion itself, when a satisfactory powder is obtained, it is 

necessary to investigate meens of compacting ana bonding 

this powder to provido satisfactory solid magnets. 

To data, the investigations have been conccrnod pri- 

marily with the production of iron powder by throe methods: 

(1) reduction of tho oxide; (2) reduction of the formate; 

end (3) chemical precipitation; and with tho characteris- 

tics of pressed snd sintered compacts of powders obteined 

by methods (1) and (2) as role tod to the production and 

pressing and sintering conditions. 
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U) rreprretion of Ultra-Fine Ferromagnetic rowdors 

Introduction: 

Soverel methods show promise fcr the production of 

ultrc-fine iron end othor f orromrgn jtic powders (1-6). 

Thoso include: 

1. Low temper?turo reduction of com- 
pounds with a reducing gps (1, 2). 

2. Direct prDcipitetion of th; metals 
from en aauoous solution of their selts 
(3). 

3. Electrolysis of salt solutions in. the 
pres-ncc of rrpin growth inhibitors 
U,5). 

4. Low tonporpture decomposition of the 
carbonyls or oth :r methods of deposi- 
tion of the metPls from their vapor (6). 

C? these methods, the first we3 choson for the routine 

production of iron pov;der3.  The TPW materials used v/ero 

cither Jewelers' rouge (commercial gredo of F02O3 - epproxi- 

mately 98<o I^z®!'  bPlanco primarily SiOj, particle size 

approxinetely 1 -;and finor) or ferrous formate and mixed 

formate pov/dcrs produced PS described below: 

Lot I; 

Plastiron (pnnoaled electrolytic iron of -100 mesh) 

powder wps dissolved in hot dilute formic ecid. Ferrous 

fornete WPS prucipitetod by chillinp the solution to room 

temoereture.  The fcrmrtc crystals producod were washed in 

alcohol, dried and stored in a vacuum for future use. Th 

crystals obtained by this means were hexegonel platelets 

o 
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($0^to 100.4-, in size). 

Lot II: 

Tho coorso crystnls of Lot I were redissolvod in 

dilute fornic rcid rnd recrystPllizod by the Pddition of 

rn equal volume of 95^ ethyl Plcchol (7).  By ellowing 

the precipitation to tPkc plrce in e tPll vossol, fino 

elongptod crystals of en ovcrfigo sizo of 15< x 5wi 5^ 

Plong with atPr-liko clustors Pbout 10.<(in dipractor woro 

obtri.nod. 

Lot II - Ground: 

A b^tch cf Let II wrs fxound by P single ppss through 

e throe roll mill used for dispersion of ppint or ink pig- 

r.or.ts. The rolls were i," dir. x 8" wide pnd were set Pt 

p force cf 5 pounds per linopr inch botwoen rolls.  This 

grinding brokvj up tho stfr-likc clusters pnd some of the 

ncedlos pnd resulted in pprticios of r.pproxiraptcly 10 

nicro;: size. • 

Lot II - DPll-I'lllodt 

Another brtch of Lot II w.ns bfll-nillcd in rn inert 

rtraosphero until tho crystels were crushod to 1 micron or 

finer. 

Lots Aj 3 rnd C; 

Threo brtchos of foriiPto were next propprod by recry- 

strllizing Let I formPto to which vprying pmounts of npg- 

ncsiun forniPto hrd previously b^cn rdded, the technique 

for procipitPtlon boinp the SPHO PS for Lot II. Tho co- 

precipitPtod mixtures of ferrous rnd mpgnosium formptos 
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woro an?lyzod for thoir mpgnesium contents. Tho brtchos 

woro doslgnptod Lots A, B rnd C in the descending order 

of their mpgnesium content: 

Lot /. 
Lot 3 
Lot C 

2.5^ Kg in tho fornpte 
0.29$ Mg in tho formPte 
0*066$ Mg in tho formpto 

The sizes of the crystals in ell of these betches 

wcro comprrPblo to thoso of Lot II. 

Reduction of Powders: 

The powders wore reduced with hydrogen. As the re- 

duced powders pre pyrophoric, it WPS first nocessery to 

devise techniques pnd construct equipment so thPt reduc- 

tion of the powders and subsequent handling could bo 

readily performed without bringing tho loose powders into 

contpct with tho air. 

The equipment used is illustrPted schompticPlly in 

Figure 1. Ton grpms of the compound to be reduced, con- 

tPined in P strinless stool boft (h), woro placed in the 

hoptod combustion chamber (j) through which P rogulPtod 

strcpn of purified hydrogen Pt approximately 1.5 cu. ft./ 

hr./gm. of powdor was passed. Tho roduction wes carried 

out for tiaos rrnginr, from 30 to 900 minutes end ct tem- 

peratures of from 500-1100°F. Helium WPS then introduced 

into the combustion tube, the whole system flushed with 

helium, pnd tho boat contpining the powdor was plpccd 

under the Kjoldrll joint (k). acetone WPS then drippod 

into tho boat until the reduced powder wes well covered. 
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Tho helium flow WPS stoppod pnd the slurry of powder pnd 

rcctcne transferred to n suitRble contrlnor. 

B - Prrtlclo Size  Studios 

attempts woro thon npdo to study the pprticlo sizo 

(pnd shRpo) of tho powders produocd by tho following 

nethods: 

(1) Slnctron nlcroscopo studios * 
(2) X-rpy line brordening ** 
(3) Nitrogen pdsorption*** 

Por the first tcohniquo, electron microgrephs woro 

mpdo fron specimens obtPined by disporsinr the powders 

in dilute solutions of pprlodion in poyl plcohol. The 

prrlodion powder nixturo wes woll rubbed out on P gloss 

pleto to tho consistency of P thick ppsto, e drop of which 

wes next cpst into e film on tho surfpeo of brine con- 

tained in P lPrgo pen. Tho film WPS liftod off in e frpmo, 

rofloPtod on wptor to ronovo P11 trecos of brino, Pnd smPll 

portions woro selected pnd mounted on tho specimen holdor 

of pn RC/. electron microscope having P resolution of 100 

Angstrom Units or bottor. Tho spocinons woro oxPminod et 

mpgniflections vprying from 1250-45,000 X. 

It becprao clcrr thPt with this toohniquo, dispersion 

10 electron microscopo studios wore mpdo at the New 
Jorsoy Zinc Co., Prlnorton, PP., with the kind pssistnnco 
of tho nonbers of thoir stpff. 
** Tho X-rpy v/ork WPS dono by Prof. H. V. Anderson, 
Chemistry Dopprtmcnt, Lchigh University. 
*** The nitrogen pdsorption neP9uroments woro mpdo by 
Mr. A. V. Froioli pnd Miss Yung-Fnng Yu, Chomistry Dopprt- 
mont, Lchigh Univorsity. 

i 

L 



of tho particles WPS not satisfactory. The powders 

tended to group together in rings of magnetic closure 

(Fig. 2).  Of sovorn1 variations tried to overcome this 

deficiency, one did show some promise. .'» magnetic field 

was applied by waving a U-shPDod -Mnico magnet und.r tho 

glass pip.to holding tho rubbed-out specimen just prior to 

cpsting the film.  In sono areas of tho field, good dis- 

persion was observed (Fig. 3). while in others the parti- 

cles boenmo aligned in strings, indicating tho possibility 

of magnetically aligning tho powders (Fig. 4).  This experi- 

ment, though crude in naturo, suggests r possiblo method 

of adequately dispersing the particles to obtain electron 

micrographs suitable for particle size and distribution 

determinations.  Recontly, other investigators (8) hPvo 

found thPt by applying pp. alternating magnetic field to 

the suspension while it is being rotated, even tho larger 

aggregates can be broken up.  If the magnetically e.gitatod 

suspension of prop;.r consistency is quickly cast into 

films tho dispersed particles do not have time to roeggro- 

gato into ringlets by mutual attraction because tho vis- 

cous resistance of tho medium would hinder thoir roady 

motion towards one another. 

The second technique actually measures grain or cry- 

stallite size, but for those fine pprticles, it is presumed 

that each particle is a single crystal. 

The pyrophoric nature of the powders called for special 

techniques in tho preparation of the X-ray specimens.  The 
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slurry of the powder pnd pcotono WPS lpid on soverpl leyors 

of filter prper to Pbsorb most of the pcotonc. The pow- 

der, slightly moist with rcotono, WPS removed to pnother 

filter prpor whore it was gently nixed with e trpco of non- 

diffrrcting gropso. Sptisfpctory spocimons could bo medo 

fron such R nixturc without pny oxidptlon during the oxpori- 

nent.  Only the strongest line, viz. tho (110) line, WPS 

recorded on P Gr.3. XRD 3 X-rpy recording spectrometer unit 

with cobrlt rpdietion. The s*no line WPS PISO recorded 

under conditions yielding shprpest resolution by using P 

spraplc of pnnepled iron-powder hpving coprse pprticlos. 

In this respect, the technique used differs from the conven- 

tionPl method of mixtures described by Werren (9). Tho engu- 

lPr widths of the recorded lines were mepsurod Pt points 

of hrlf-n.pximum intensity pnd th; thickness of the pprticlos 

in the (110) direction WPS cplculrted from tho formulp - 

D     = ?*89,\  

(110)      yi2 - b^  .  Cos p. 

I        pprticle thickness Plong P direction 
(110) norm."! to  the   (110) plP.nes. 

wherj • 

D 

A 
B 

b 

end 9 

wpvelength of X-rpdirtion used. 

pngulpr width of  (110)  lino in 
rPdipns for the powder spmplo. 

pnguler width of the shprp  (110)  lino. 

Brpgg pnglo of diffrp.ction. 
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These crlculrtions rssunc no strrln in tho powd.-trp. 

It ir, tilt thPt this rssunption npy bo justified in view 

of the n:thcd of obtrininp the powdors pnd proppring the 

specimens. 

In thj third technique, tho ru.'-n particle size wrs 

determined frc:: the 3urfPcc prop nopsuronents obtrincd 

by nitrogen nor.olpyer Pdsorption rnd tho presoncc or Pb- 

sence cf descrption hysteresis WF3 used rs pn indicption 

of the presence or Pbsonce, respectively, of pores. 

C - l>pn..tlc Tosting of Powdors (p.nd Compacts) 

The rvgnotic propjrtl:s cf loose ppgro^Ptos of the 

pev/dors pnd of th~ eonppcts obtrined by pressing then pt 

pressures vprying frcn 20-100 tons per squprc inch were 

n.psur.d, usi.np r  3p.iford-3ennett rornornotcr (10).* 

Tho speciru.ns used for ne^suronents on loose powders 

consisted of moist powder gently rpin.d into P 1-3/4 inch 

long, 6 n.n. outside dipn;.t;r, 1 run. 'VPII thickness 

pyrex glPss tube p;.d held in plpce by stoppers Pt the ends 

of the tube. 

D - Iressing p.nd Sintering of Powders 

The pressing cf the test b^rs WFS done in F single 

rctiori die on P bPldwin-Scuthwork testing npchino Pt pros- 

*  '>rli;r mopsur orients wore npdo by our inv.istigrtors Pt 
Bell Tclepho.no laboratories, Hurrpy Hill, N. J., with tho 
kind Pssistp.nce of their personnel, while the lPter 
r.onsuronor.ts wore npdo Pt the Frpnklin Institute, Philn- 
d^lphir, with the fpcilitios provided by Dr. ... D. Frpnklin. 

I 
/I 

i 
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suros of from 20-100 tons per squere inch. 

The sintering of the pressed compacts WBS accomplished 

in the equipment shown in Figure 1. The speoimon to be 

sintered wes first pieced in tho furnece tube. The tube 

wes evpcuet3d vith P. stPnderd Conco Hyvrc vecuum pump 

(boosted for 3cmo runs by c mercury diffusion pump).  Tho 

atmosphere to bo used for sintering (hydrogen or helium) 

wes then admitted and tho furnpeo hepted to the required 

tenporaturo. Sintering experiments wore pirformed rt 

tonporatures of 450 to 1700°F for timos of 2 to 16 hours. 

E - Anelysis of Compacts 

The comprcts wore analyzed for motrllic iron by hydro- 

gon evolution -T.d for totrl iron by potrssium pormrngpnate 

titraticn. 

j F - Density I'easurcnents 
t 
: The avarp^o dimensions of the specimens wore ^ecsurod 

with r micronotor correct to 1/100 nillimotcr.  The speci- 

mens wero noxt evecuptod end woiphod rnd tho rvorago don- 

sicies v;erj CPlculntod. 
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in - JCT :RH:^T:.L RESULTS OBT/.I^'O TO D/:T? 

—Powders Produced by Reduction of Rouge 

Severe 1 brtches of powdors wore produced from rouge 

f-s described in 3ection II, with reduction in the tempera- 

ture rpn.TO 600°-900°F end tines of 100, 200 end 900 nln- 

Ut3S. 

Size end Shapo of Powder pprtlcles 

Electron Microscopy: 

.'.3 mentioned earlier, the lrck of dispersion in nost 

of the nicrogrpphs pnd the rolPtivoly low mrgnificption 

in tho single micrograph of Figure 3, having pdequete 

dispersion, did not pernit Pny pprticle sizo measurements. 

Fron prclir.inery results, howover, three significant obser- 

vations nay be mentioned: 

a. Firstly, thrt the particles could bo satis- 
factorily dlsporsod pnd size counts could 
probPbly bo rvde by usinp the method of 
oegnotic disporsion, 

b. Secondly, thPt the pprticle3 could PISO bo 
aligned in a magnetic firld, -h n thoy pre 
suspended in a medium, 

c. Lfstly, thrt the particlos arc not far fron 
3phericpl in shapo and PS such do not have 
any approciablo shrpo tnisotropy. 

This last result is equally important fron the precti- 

crl standpoint of making nernanont magnets from these pow- 

ders because, in this connection, large shape rnisotropy 

of the powder particles is highly dosireblo in order to 

attain large coercive forco values. 

Tho present experiments rppoar to indicate thPt the 
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thermal reduction process of powder preparation doec not 

produce powders of high shape enisotropy end is therofor'3 

incrpoble of producing powders with the high coercive 

forces that have boon predicted by Neol (11), and by 

Gtoner and Wohlforth (12). 

X-Ray Diffraction end N? Adsorption: 

Tarticle sizes of powders prepared at tomperaturos 

ranging from 650-900°F as determined by the X-ray diffrec- 

tion and nitrogen adsorption methods ere given In Figure 

5.  It will be noticed thrt the values obteined by the two 

methods are of the seme order of magnitude.  In addition, 

the pore volume results ere riven in Figure 6. The relative 

insonsitivi«y of surface area end particle size measurements 

to incroesod roduction temporeture, when considered with 

further evidence to be givon in subsequent sections, is be- 

lieved to indicete that tho reduction of the rouge has been 

incomplete in ell cases, oven at 900°F. 

Tho lack of any appreciable hystoresis in the adsorp- 

tion-dosorptioa cyclo eppeers to indicate that if appre- 

ciable porosity is prosont in tho individual perticlos it 

must be on a scale smaller th^n the size of the N£ moloculo 

and therefore would bo of the nature of tho atomic scale 

porosity predicted by earlior investigators (2). Tho grad- 

ual doorease of pore volumo with increasing reduction tcra- 

poraturo is interpreted as an indication of sintering tak- 

ing piece during the roduction. 

L 
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ilagnetic Properties of ^Loose" Powders end of Powaer Compacts 
Tho raegnetio proportios of looso aggregates of tho 

powders and oi tho compacts obtcined by pressing thorn at 

pressures varying from 20-100 tons per square-inch were 

measured, using a high H pormoemetcr of the Sanford-3on- 

nott typo. 

Looso Powders: 

Tho co9rcivo forces of powders prepared at various 

temporp.tures for )00, 200 end 900 minutes of reduction end 

a hydrogon flow of approximately 1.5 cu. ft./hr./gm. of 

oxido ero shown graphically in Figure 7. 

Somo general foaturos may bo observod from these 

curves: 

(a) All tho curvos aro approximately perv- 
bolic in shape, thus exhibiting e maxi- 
mum coorcivo force for en intermodieto 
tompcreturc of reduction. 

(b) Tho coorcivo foroo VPIUOS for tho 200 
minutos of roduction timo ere uniformly 
highor than thoso for ICO minutos of 
roduction timo, whilo tho 900-minuto 
curvo is displecod so that it crossos 
both tho shortor timo curvos. 

(c) Tho maximum coorcivo forco occurs at 
lower temperatures for longer roduction 
timos. 

(d) Tho maximum cooroivo forces actually ob- 
tained aro reasonably high, 520 oorstods 
for 100 minutos1 roduction timo, 6^0 oor- 
st3ds for 200 minutes'roduction timo, 
ana 580 oersteds for 900 minutos1 roduc- 
tion timo. From tho trends of tho curvos 
it appears that a coorcivo foroo as high 
as 650 oorstods may bo obtaineblo v/ith 
tho 900-minuto reduction. 

Tho perabolic u.turo of tho curves may bo roedily 
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understood by considering the well-known effects of cry- 

stel 3ize on coorcivo force theoretically derived by 

Noel (11, 13) Pnd experimontnlly verified by 3ertcut 

(14) on tho on.; hand, end the effect of oxygen content 

of tho powders recently reported by Lihl (15) on the 

ether. At the low tcnperaturo3 of reduction, extremely 

fine prrticle size rnd the excessive oxygen content of 

tho pov/ders tcgothcr work against tho development of o 

higli coercive force. At the higher temperatures of reduc- 

tion, the growth of the metal particles into poly-domains 

would tend to offsot tho beneficial offocts of tho decreased 

oxygon content in these powders. The balcnce botween tho 
• 

effects of particle size rnd of oxygon content would thus 

tond to give a maximum point on the coercive forco vs. 

temperature of reduction curve. The 3hift of tho point 
! 
i of meximum coercive force to the lowor temperatures for 

the hicher tines of reduction i3 al30 understandable on 

the seme basis. For the higher tines of reduction, the 

balmco between the particle sizo and 02 content offocts 

must evidently obtain at a lowor temperature of reduction. 

Thus, the increased tino enpoers to bo noro offectivo in 

the reduction of tho oxide then it is in tho sintoring 

of these pov/dors. According to Lihl (15), in formate 

reduced iron powders, tho nrxinum coercive forco is ob- 

tpinod whon the powdor contains about 65$ motallic iron, 

tho actual vrluo of this meximun boing the grortor tho 

lowor the tomporaturo of reduction. Tho mctellic iron 

data evailnblo for tho powdors which yioldod high coor- 

J 
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civo force vrlucs rre shown in Teblo I.  It would appear 

thot sone definite correlation between notallic iron con- 

tent end the ccorcive force exists in the rouge-reduced 

powders PS well.  The na.xinum coercivo forco occurs at 

approximately $5-60fS metallic iron, a vrlue sonewhrt be- 

low that reported by Lihl for the formate reduced powders. 

The point at which tho naxinun Hc is obt^lnod night per- 

haps also bo used as an index of compering tho reducibi- 

lity of different grades of oxido, frcn which tre Pe pow- 

der may be prepared. 

Powder Compacts; 

Figures 8 and 9 show the variation of coercive force 

end of 3S and 3r, respectively, of tho compects PS a func- 

tion of compacting pressure A3 the coorclvo force de- 

creeses gradually with increasing pressure, the B3 and B- 

valuos show e corresponding increase-  It may bo noted that 

the 3S and Bj. values arc generally fer lower (3s-^ $000, 

Bj.^.2000) than those expected for pure iron. 

The rate of decrease of coercive force with incrersing 

prossuro seems to be dopindent on the initial powdjr charac- 

ter is tics.  For exemplo, the compacts from the powders 

reduced at 600°F for 200 ninutos, which -widently contained 

more residual oxygen, show a more grPdual decroase of coor- 

clvo force with pressuro than tho powders prepared Pt highor 

temperatures. None of tho powdors, however, show a markod 

decrease in coercive forco. 

In Figure 10, tho densities of compacts prepared from 

T 

71 
I u 
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powders reduced at 750°F for 100 minutes end powders re- 

duced at 800°F for 200 minutes ere plotted as e function 

of compacting pressure. The densities obtained are low, 

even et the highest compacting pressure used, viz., 100 

t.s.i.  This mpy bo duo to e high oxygen content in the 

powders• 

The high coercive forces, the low saturation end low 

ronanence values, PS well PS the low densities of the com- 

pacts, ere indicative of inconplataness of reduction. 

According to Neol (11), the cocrcivo force of compacts 

should follow the law - 

He ft  i - d 

where - 

Kc s coercive force 
d s density of compact 
d0 = density of iron in bulk. 

1 - d values for the above compacts vs. the corresponding 
oTo 

compacting pressures are shown in Figure 11. 

'Vhen the cocrcivo forco is plotted egainst 1 - d (Fig. 
d~o 

12), it is found that all of the points for compacts from 

two different batches of powder fall approximately on the 

same straight line. '.Vhon this curve is oxtrepoletod to 

1 - d -I (infinite dilution of the pe*»a  batweon parti- 
cle) 

clcs), e coercive forco value of 780 oersteds is obtained. 

This value is only about hPlf tho theoretical value of 

1400 calculated by Ncol (11) and also shown in the figure 

It is to be noted, however, that no correction has beon 
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node for tho oxygon content of the powdors rnd tho • d' val- 

ues ere et  best only rverap.o density VPIUOS.  It should bo 

further not^d that the dPte for conppcts fron powder n- 

ducod Pt 700°F for 900 ninutcs of reduction tlrao llo on 

o 3trplght lino of groator slope oxtrapolating to a vrluo 

of #60 oersteds rt 1 - <i  « 1, P vrluo closorto Ncol's 
3o 

theoretical vrluo.  Thl3 trend is in thu right direction 

as the lrttjr powders contained norc netellic iron thpn 

cither of the other two. 

Studies on Sintering 

Powders prepared at 700°F for 200 minutes of reduc- 

tion tine (H2 flow 1.5 cu.ft./hr.gm.) wore prosscd into 

bars approximately l*1' x l/8" x 1/8" and sintorod Pt vari- 

ous tenperpturos for 2, U  and 16 hours.  The vrriPtion of 

He. 3s and Bp, as well as tho density, netellic iron and 

totrl iron of so.ic of the conpacts t.hus obtained WRS deter- 

mined end the results aro essonbled in Tcblcs II, III and 

IV.  Thu magnetic drtp pro also shown grephically in Figure 

13. 

Tho coercive force results appear to indicptc that 

for the tines invest-1gated, tho fornrtion of domain boun- 

daries tP^os piece in all CPSCS over v  rpnge from approxi- 

mately 1,000 to 1600°F. At higher temperatures, further 

sintering rid  densificetion is obsorved PS the rosult of 

contraction of tho pores between sintered particles. 

It is also noted thrt further reduction of tho rosi- 

dual oxide takes place during the sintering as indicpted 
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by tho incropso in motPllic rnd totPl iron contonts. In view 

of this obscrvrtion, experiments ere boing undortpkon on sin- 

tering under non-rjducing conditions. 

If, rs r first p^proxiartion (B x H)mex is essumod to bo 

(1/3 3r x !? , tho maximum energy product cbtPined for theso 

sintered coiprcts is rpproxinptcly 0.!> x 10 obtrined from 

pov.-dors reduced for 900 minutes. 

3-Powdcr3 Troducod by Reduction of Forrartos 

Tho invostigrtion undertaken to dPto on tho fornrto re- 

duced pov/dors have been of m exploratory nrture only pnd the 

dPta 're in many respects incomplete.  It should, therefore, 

be borne in mind thpt more comnloto d^tP nry in some CPSCS sub- 

sequently el tor some of tho trends indicPtcd in this section 

end thPt in some Proas tho dPta pro so sketchy PS to preclude 

the possibility of drpwing sound conclusions therofrom^ This 

work is being continued, pnd it is plpnned to fill in the date 

in those PTOPS wh'ch show promise of yielding either vPluPble 

information or,magnetic mPterirls with dosirablo properties. 

The fornat-s wore reduced in P strcp.m of purified dry 

hydrogen for P period of 30 or 60 minutes at temperature 

ranging from 55C°F to liOO°F. The hydrogen flow ws kept at 

1.5 cu. ft./hr./gm of tho salt in Pll CPSCS.  The tochniouos 

,- ad precputions used for preventing the pow^ors from oxidizing 

wore identical with those doscribed in part II. 

Magnetic Properties of 'Formate-Reduced 
Ir°n Powders and Powder Compacts 

Loose Powders pnd Powder Comppcts from Lot I pnd Lot II: 

The coercive force vpvuos of loose pggrogetos of the iron 

powders obtained from Lot I formpto for 30 minutes pnd 60 
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minutes of H2 reduction rt various tcnporaturo ero shown in 

ho carves of Figure 14. 

The prrrbolic npturo of P11 of the curves is siniler to 

thrt obtPinod with thu rouge-reduced powders troPtod in HI-A 

of this report.  The Hc QPX. for Lot I powders Ffter 30 ninutes 

reduction tine appears to occur rt r higher temperature of re- 

duction thPn for the sane type of pow«dor pfter 60 ninutos re- 

duction tino.  This is in agrocnont with the dPta ronortod by 

Lihl (15/, previously nenticned in Section III-A. His work 

indicptos thPt tho H nrx,   points on both of these curves 

probpbly correspond to the sreic degree of reduction end tho 

powder preppr jd rt the lower tenperPturc would bo expected 

to show the hiphor coorcivo force. 

It should Plso bo noted thPt tho Hc npx.  points thcnsclves 

occur rt very nuch lov;er tenpemtures thpn for rougb-reduccd 

powders.  Thus, the fornrtos pre nore cpsily reduced thpn the 

oxid )s, 

The coercive force vs. tonperpturo of reduction curve of 

the iron powders fron the finer fornate of Lot II shows tho 

H„ arx. point Pt P v .ry nuch lowor teaperPture thpn that ob- 

teinod fron the coarser fornat; of Lot I.  The H. nrx. VPIUO 

appears to be correspondingly nuch high r.  Tho curvo for Lot 

II is Plso soon to intersect both of tho curves for Lot I. 

Figure 1$P shows the coercive force of conppcts pressed 

pt 60 t.s.i. fron iron nowdors prepprod Pt vprious tenpor- 

ptures fron Lot I pnd Lot II fornptos for tho sane hydrogon 

flow pnd for the spno roduction tine of 60 ninutos pnd Figure 

15b shows the corresponding 3S and B values. 
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Tho rPto of docropso of coorcivo force -/ith tonpora- 

turo of reduction for Lot I appears to bo loss thPn thpt 

for Lot II though, PS only two points wore obtPinod for 

Lot I, the coorcivo forco for this powder rapy not follow 

tho ppproximrtc linear trond obsorvod for Lot II. Tho Bg 

vrluos appear to increase with increasing tonporaturj of 

reduction, Pt P rRto Plnost proportionPl to tho rat. of 

decreese of coorcivo forco, but tho differences in ratss 

of incronso of Bs between tho tvio  powdors are loss thPn 

tho difforonces for Hc.  Tho Br values Pt first increase 

slowly, but rftorwprds, Pt lePst for tho Lot II powder, 

eppcp.r to ettPin P steady VPIUO.  Those dPtP rapy be inter- 

preted PS P reflection of tho higher roducibility of tho 

finer forr.atos. Lastly, the 3S increases niore rppidly than 

Br with incropsi.ng tenperaturo of reduction. 

Corapprison Between Lot II, Lot II-Ground end 
Lot Il-3Pll-Millod:     

Figure 16 shows tho cco.rcivc forco vs. reduction tem- 

perature for iron powders from fornates of Lot II, Lot II- 

Ground end Lot II-Brll-lIillod, while Figures 17e pnd 17b 

show tho Hc, and 3s end Br values for conppcts pressed at 

60 t.s.i. 

It nay be soon fron Figure 16 thPt only tho right-hand 

side of the parabolpo appjpr to be be obtPined.  Tho Hc 

aox. points probebly fpll oithor at 500°F (the lowest ton- 
- 

porPturo investigated) or lowor.  There is not nuch diffcr- 

once between Lot II and Lot II-Ground, but tho nuch finer 
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j bPll-nllled Lot II shows lowor VP!UJ«J of Hc throughout tho 
i 

j te-\?erp'cure rmge studied. 

This night Indicpto either th"t the wholo Hc curvo 
j 

is shifted to the loft, with porhpps r higher pePk VPIUO 

of Hc Pt lower tenp^rpturos thrn thoso investigrted, PS 

tho result of higher reductibility of the finer powdors, or 

thrt the coercive force is nor^ly depressed at the higher 
1 

tcnperPturos bocruse of r  grorter tendency of the fine pow- 

ders to sinter. 

The coercive forco vplues of conppcts of these powders 

(Fig. 17) zhovt  2 linepr decrepse with increpsing tomporpturc, 

PS boforo, but the lines for oil powders hevo substentiPlly 

the sPro slope. 

Fron Fig. 17b, it ney be noticed thft the Bs vplues in- 

crepse sonewhrt with incrersing fineness of the fornpte. 

This trend would be expected whether the effect of fineness 

were to incropso reduction or sintering rrte.  The Bp VPIUCS 

else show p corresponding incropso which is vory slight 

(excludinr those where there wore crocks in tho specimens). 

Effect of VSHPII Additions of Tpgnoslun ForriPto; 

A conprrison of the rapgn-tic behavior of iron powders 

fron Lot II fornpte rnd Lot A pnd Lot C fornPtcs contpining 

2.5^ pnd 0.066fj Mg, reapoctivoly, is shown in the coercive 

force vs. tompcrnture of reduction curvos of Fig. 18 (for n 

constant hydrogon flow of 1.5 cu. ft./hr./gn. pnd constent 

reduction tine of 60 ninutg^ Fron the trend of the curves, 

L 
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it may bo socn thPt addition of negnoslum (prosuncbly 

prosont rs MgO) tonds tc lncreps.; ths Hc max. VPIUO when 

such addition is not ppprocipblo.  Thus, tho Hc nex. veluc 

with 0.066$ Tig is tho highest obtPined, rbout 650 oersteds, 

nearly 259b greater thrn that for th- straight Lot II. 

Although tho dpf FTJ insufficient for P close conpari- 

son, thoro sooas to bo no doubt thPt when tho magnesium, 

addition to tho femrte is snrll enough to not decrep.se the 

rcducibility approcipbly, p substPntiPl incroe.se in coer- 

cive forco VPIUCS npy bo expected, probnbly becpuse the !'gO 

formed during the reduction is finely dispersed in tho iron 

powder, providing diffusion berriors between tho iron pprti- 

clos and thus preventing ppprociablo sintering of these fino 

powders. Figuros 19a and 19b show the Ho, end Bs end By 

values, respectively, for conppcts fron Lot II (0$ Kg) pnd 

Lot C (0.066$ ng).  (Creeks in spocinons did not pernit 

3S end Bp VPIUJS to bo crlculPtod for Lots B pnd A).  Tho 

presenco of magnesium in the forneto tends to produce com- 

pacts with higher coorcivo forco rron low tonporpturo re- 

duced pev/der, but at the higher temperatures of reduction, 

no CICPT difference is observed in the coercive forco. 

In contrest to the coercive force behavior, however, 

the Bs values do not differ nprkodly Pt low tonporpturo, but 

the Bs for tho compacts containing mpgnosiun does not incroa.se 

linearly with incropsing temperature but tonds to increaso 

noro slowly rt the higher toraporPturos thpn thPt for tho 

L 
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pure iron powder. The Br VPIUOS for the Lot C pro, hov/ovor, 

slightly incrjes.jd ov,;r those for Lot II. This increase 

though of tho ordor of 20£ npy not be roelly significent end 

mpy prise from srapling. 

It nppjrrs, in gonarpl, thrt judicious edditions of 

Mg to the fompte cm cruso nrrked inprcvorunt in tho Hc 

without being dotrimentPl to the Bs snd Br to nny considor- 

p.ble extent. 

A study of those dPtP indicrtos r rPther shprp popfc in 

the Hc nrx. for sr.pll pr.ounts of edded hfignosiun Pnd indi- 

cptes the rdvisrbility of e noro thorough survey of the 

effects of nrgrijsiun pdditions in the rpngo fron zero to 

ppproxiciPtoly l/2 per cont.  If, PS P first epproxinetion, 

3 x H nex# is pssunod to be l/3 (3r x Hc), the mpxinuri 

energy product obtPined for the fornpte reduced conpects 

is thPt of .675 x 10" obtPined for the powder reduced fron 

tho fornpto containing 0.066$ Kg es npgncsiun fornpte. 

Fron the trends of the drt^ obtPined to dPto, it 

pppeprs rdvisrble to invustigpto the effect of lower re- 

duction tenperptures end longer reduction times on the 

strpi^.ht rnd the nixed fornPte powders. One technique 

which nipht permit extremely low reduction temperature would 

be to trpnsforn tho forapte to FeO by short tino, high ton- 

por-Pture trePtrient.  The FeO powder should then be reduci- 

ble to iron powder Pt very low tenperrturcs. 
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C - SumiPry of RQ3ultg on Roducod For-iPto pad Cxldc Powdors 

Tho results of the invostigrtions to d-°to npy bo sun- 

nrrizod rn follows: 

(1) Tho thornrl reduction process by itsolf pppcrrs 

to be incrprblo of producing powders with r hirh degree 

of shrpo pnisctropy. 

(2) Increpsod redaction tines pernit reduction Pt 

lovnr tonporeturos with r relptivo incrcrso of reduction 

rPto conprrcd to sintering rrtc, thus providing the possi- 

bility of producing pov/dors with higher coercive force* 

(3) The results rgroe with those of Lihl (15) or. the 

docrePse of te-npcrrturc of roduction for npxinun coercive 

force with Jncropsed reduction tines. 

(4) Ferrous forn-Pto powdors roduco Pt P lower tenper- 

eture thpn conaorciel rouge, probpbly becpuse of the lpck 

of impurities end becpuse the fornpte pppeprs to decompose 

directly to the forrous oxide errly in the reduction, 

while the rouge i3 in the ferric stPte.  As the result of 

the considerrtions nentioned in (2), therefore, the fornpte 

powdors npy be gonorplly cpppblo of producing higher coer- 

civu force iron powders thpn the connerciPl rouge. 

(5) HgO in proper pnounts npy provide P further in- 

crepse in the coorcive forc^ through interfering with 

sintering during reduction. 

(6) Incrersod fineness of spits npy pernit obtrining 

increpsed coorcive force through en  increpse in reduction 

rptes rnd consequent possibility of reduction Pt lower ter.i- 

h 
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nvrpturos. It nry, however, rlso tend to docrcrae the 

coercive force through incropsing the sintering rrte. 

(?)  The rptc of vrriPtion of the coorcivc fere-: with 

corappcting pressure is '•pprcciPbly influenced by th~ pewder 

characteristics; for exp.iplo, the mount of oxides or other 

inpurlti s presont. 

(8) Fror. the point of view of coercive force, the 

-.PxLi'in sintering effect when prossod bprs pre rohertcd 

{.:ultidonr in fornption), eppoprs to tPko plpce over P. 

nrrrcw rBngo of tenoerrturos, while the sPturotion induc- 

tion pnd ronpnenco values tend to stprt P grpdupl incrc-pso 

scnewhnt before the shrrp drop in coercive forco. This 

indicates thrt by cproful control of the sintering tech- 

niques, higher 3 x Hoeac. vrlucs npy *>° obteineblo. 

(9) Incro?sed sintering tines tend to decropse the 

tenperrture pt which the coorcivc force drops shPrply.  In 

these jxocrincnts, this chrngo WPS snrll, porheps bocpuso 

cf th.  impurities in the powder. 

(10) '/hile the highest B x Hrex> obtpined in these 

investigations v/rs ppproxinptely 0.7 x 10 for the npg- 

nesiur. contPining fornpte reduced powders rnd WPS rpproxi- 

ri^tely 0.5 x 10 for the rouge reduced powders, theso 

v^luv.3 should b; cpppblo of inprovenent.  In the CPSO of the 

oxide powders Pt lepst the low 3 x HQOX. product is proba- 

bly due in prrt to P low roapnonco, rs p result of inpuri- 
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tion present.  The VPIUO npy thjrjforo bj inproved by 

nr^n.itic soprrrtion of non-forronpgnotic Impurities pftcr 

the roduction. In pddition, cpr-ful vpriPtions cf roduc- 

ticn, pressing end sintering tochnlquos Pnd Plignnont of 

pprciclcs i:i ii^gn-tic fields nry well bj cppeblc of pro- 

ducing povders of sufficient quplity to find ppplicption 

in the perr.rnont rvgnut field. 
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TABLE I 

!'itp]lic Iron Content of Towdora Roducod Fron 
Rcugo For Vprious Tinos Pt Tonporeturcs Yielding 

L^rgo Cocrcivo Force VPIUOS 

Reduction 
Tonpcrrturc 

in °F 

Roduction 
Tine in 
1'inutcs 

100 

Coercive 
Forco in 
Oersteds 

520 

MotrlXic 
Iron 
Content <f> 

750 51 

800 100 500 57 

700 200 560 50 

750 200 640 56 

800 200 530 59 

600 900 580 56 

700 900 580 60 

800 900 504 65 
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TABLE II 

I>~:ietic Iropertios of Sintered Iron 
Concocts - Compacts Pressed et 40 t.s.i. 
Fron Powders Reduced from Rouge at 700°F 

For 200 Kinutes end Sintered 2 Hours 
In Hydrogen 

Sintering 
TemperBture 

oy 

Coercive 
Force- 

Oersteds 

530 

Intrinsic 
Induction 
(Pt K = 4000 
Oersteds) - 

Gouss 
Reraenence 

Gauss 

  3750 1720 

450 520 3820 1790 

700 504 4110 1945 

1000 480 4352 2111 

1200 390 5590 2185 

1400 200 4846 1400 

1600 72 5743 3283 

1700 32 5500 ___ 

1 I 

I i 
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TA3L3 III 

Magnetic Properties and Density of Sintered Iron 
Compacts - Compacts Tressed at 40 t.s.i. From Powders 
Reduced from Roup,e at 700°F for 200 Minutes and 

Sintered 4 Hours in Hydrogen 

Sintering 
Tonperature 

* op 

Coercive 
Force- 
Cersts^s 

514 

Intrinsic 
Induction 
(et. H = 4000 
Oersteds) - 

Gauss 

Reraen- 
ence 

Gauss 

2000 

Density 
Gas./ 
c.c. 

  4015 3.04 

800 478 4710 2405 3.19 

1000 430 5220 2676 3.0 

1200 204 6352 2680 3.38 

1400 50 7338 2290 3.75 

1600 5 7730 3680 4.48 

L 
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Fig  2.  Electron   Micrograph  of   Rouge  Reduced 
Iron Powder (Reduction Temp. 900°F; Reduction 
Time 200 Minutes). Arrows Show Formation of 
Rings   of Magnetic Closure. 

Fig 3.  Electron Micrograph of Rouge Reduced Iron 
Powder (Reduction Temp. 750*F-, Reduction Time 

100 Minutes) Showing Dispersion of Particles 
Obtainable by Proper Use of a Magnetic Field. 

Fig 4.   Electron Micrograph of  Rouge  Reduced 
Iron Powder (Reduction Temp. 7 50*F; Reduction 
Time 100 Minutes) Showing   Alignment of 

Particles in a  Magnetic  Field. 
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